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Introduction

34
There is considerable interest in the use of electrical storage technology in low-35 carbon power systems. At the national transmission system level, large-scale 36 storage could help system balancing with high penetrations of wind power [1] . At 37 the level of the local distribution network, intelligent management of battery 38 charging in electric vehicles could help prolong the use of existing network 39 assets, avoiding unnecessary costs [2] . At the domestic level, the use of batteries 40 in grid-connected photovoltaic (PV) systems has been proposed for the purposes 41 of minimising grid exports [3] , improving consumer economics by exploiting 42 retail electricity tariffs with variable pricing [4] , and increasing self-consumption 43 with feed-in tariffs [5] . 44
The use of batteries in grid-connected domestic PV systems mentioned in the 45 previous paragraph is investigated in this paper. An economic and 46 environmental impact analysis is presented for the use of lead-acid batteries in 47 PV systems under current feed-in tariff arrangements in the UK, where the 48 specific commercial opportunity for the occupant is in reducing exported power 49 during the day, and trading this for a reduction in imported power during the 50 evening. 51
The present work builds on previous work by Jenkins [3, 6] on the impact and 52 ageing of lead-acid batteries in grid-connected domestic PV systems in the UK. 53
The present work, however, differs considerably from Jenkins' work: the 54 economic impact of the battery for the occupants takes into account current UK 55 feed-in tariff arrangements, recorded data is used from multiple domestic 56 dwellings with PV, a novel battery model is developed, and the environmental 57 impacts of the battery are considered. This work also builds on previous work by 58 one of the authors on the environmental impact of battery production [7] , by also 59 considering the in-use environmental impacts of the battery for such 60 applications. 61
The approach taken in this paper is to develop a model of a lead-acid battery, 62 which is applied to recorded data from UK dwellings with PV systems. The 63 model is used to simulate hypothetical power flows for the PV system with 64 battery. Section 3 describes the development of the battery model, and the 65 method used to calculate the simulated power flows, cost benefits, and 66 environmental impacts associated with the battery. Section 4 then presents and 67 discusses the results of the economic and environmental analysis, with section 5 68 providing the concluding remarks. 69
Feed-in tariffs and the financial benefits in time-shifting
70 demand
71
This paper considers domestic grid-connected PV systems on a current UK feed-72 in tariff, which consists of a generation price (21.0 p/kWh at the time of writing) 73 paid for generated units, and an export price of 3.2 p/kWh paid for exported units 74 [8] . An import price of 11.8 p/kWh has been assumed, which is a typical value for 75 a domestic consumer on a 'standard' flat-rate demand tariff [9] . 76
In this context, occupants with PV systems can benefit financially by using 77 electricity generated by their PV rather than exporting it to the grid [10] . 78 Occupants could typically achieve this by changing their behaviour or routines in 79 order to shift their demand to the middle of the day when their PV is generating 80
[ The model is based on the data sheet of a BP Solar 'PVstor' valve-regulated lead-110 acid battery [20] , which is designed for use in stand-alone PV systems. While 111 these batteries may not be optimised for grid-connected systems, nonetheless it 112 is assumed that batteries for these two applications will have broadly similar 113 characteristics. Three battery sizes from the PVStor range are considered, 114 detailed in Table 1 . A 48 V battery system has been chosen, as this is the voltage 115 level specified for the chosen inverter (described in section 3.7). 116 The effect of the rate of discharge is considered independently. This is estimated 160 from data from the manufacturer describing the available battery capacity (in 161
Ah) as a function of varying rates of discharge [20] . Table 2 reproduces the data 162 for the 430 Ah battery. This shows that the capacity available is decreased if the 163 battery is discharged at higher currents. A second, independent coulombic 164 efficiency is therefore estimated as the ratio of the capacity available at a given 165 discharge rate compared to the capacity available at nominal discharge rate 166 (C100). This is shown as a function of discharge current in Figure 2B for the 167 three battery sizes considered here. In the model, this coulombic efficiency is 168 applied to the discharge phase. When modelled in this way, the round trip 169 efficiency for a full charge followed by a full discharge at C100 is approximately 170 73%. For C10, the round trip efficiency is 44%. Note that these round-trip 171 efficiencies are for illustration only -the operation of the battery in the model 172 does not use full discharge cycles. 173 
Calculation of power flows
176
The battery efficiencies described above are then applied to the system shown in 177 Figure 3 . This presents a one-line diagram showing the major electrical 178 components of the PV system with battery storage that is modelled in this paper.
179
A description of the variables used is provided in Table 3 . The PV system shown 180
here is fully metered, as it includes an export meter as well as a generation 181 meter. 182 
Equation 2 217 State of charge in time interval i is given by:
219 3.5.
Calculation of economic benefit of battery operation
220
The operation of the battery will reduce exports and imports. The reduction in 221 exports is an opportunity cost to the system owner, while the reduction in 222 imports is a benefit due to avoided costs. The economic benefit associated with 223 the battery in time interval i, ( ), is calculated by: 224 Δ ( ) would be negative, as costs would be reduced. 235
The estimate of the total economic benefit of the battery (not including 236 equipment costs) is then given by the sum of over the course of a whole year 237 for the dwellings described in the following section. 238
Description of data used in the analysis
239
In Figure 3 , power flows denoted with an asterisk indicate where recorded data 240 on domestic dwellings with installed PV in the UK has been used from the 241 Photovoltaic Domestic Field Trial ("DFT") [21] . The battery model is used to 242 simulate hypothetical power flows given the addition of a battery to the systems. 243
In the model, the dwelling demands and PV generation are unchanged from 244 those of the DFT systems. The resolution of the data is 5 minutes. 245
The study uses data from two of the Domestic Field Trail's sites. 276
Where: 277 -estimated battery lifetime (years). 278 -Annual exports available from the PV system (kWh/year). 279 -battery capacity (kWh). 280
3.9.
Environmental impact
281
The environmental impact is considered in two areas: production impacts, and 282 in-use impacts. For both of these, the analysis compares the impact associated 283 with adding a battery to the PV systems considered here, compared to the same 284 PV systems without battery. 285
Production impacts 286
The production impact of lead acid batteries was determined by examining the 287 processes and materials contained within the battery. While a full Life Cycle 288 Assessment was not undertaken, a life cycle approach was taken, following the 289 ISO Standards [27, 28] . This was done using SimaPro software, and was 290 originally described by McManus [7] . Three environmental issues have been 291 assessed; the impact on greenhouse gases (GHG), fossil fuel depletion, and metal 292 depletion. These were analysed using both IPCC data and the 'Recipe' LCA 293 methodology [29] . The work has focused on these three areas as previous 294 research has shown these are some of the major impact areas for battery use and 295 production [7] . In addition, GHG and fossil fuel depletion are major policy 296 drivers within the energy arena, and the impact of metal depletion has been 297 widely discussed as a potential area for concern associated with the use and 298 production of batteries [30] . 299
The production impacts of lead-acid batteries per kg of battery weight in terms of 300 greenhouse gases, metal depletion, and fossil fuel depletion are 0.9 kg CO2eq, 301 0.4 kg Feeq, and 0.3 kg oileq respectively [7] . The contribution to greenhouse gases 302 and fossil fuel is predominantly associated with the extraction and processing of 303 lead and the polypropylene used in the battery production. The contribution to 304 metal depletion is dominated by the lead within the battery. Note that this 305 approach assumes a mix of virgin and recycled materials is used in the battery 306 production, based current norms, as described by McManus [7] . 307
In-use impacts 308
The in-use impact of the batteries is associated with the time-varying 309 environmental impact of grid-electricity [31] . From the perspective of the 310 national grid, the effect of adding a battery to a PV system (where previously 311 there was none) is to increase demand during the day, when the battery is 312 charging, and to decrease demand during the evening, when the battery is 313 discharging. These changes in demand throughout the course of the day will 314 result in corresponding changes in generation from fossil fuel plant. Moreover, 315 due to losses in the battery it can be expected that the increase in daytime 316 generation will be greater than the corresponding decrease in generation during 317 the evening, meaning that the battery will cause a net increase in fossil fuel 318 generation, with a resulting negative environmental impact. 319
To calculate how the changes in demand throughout the day associated with 320 adding the battery to the PV system can be expected to result in changes in 321 generation from fossil fuel plant, data from the UK balancing mechanism reports 322
[32] was used to calculate the 'responsiveness' of gas and coal generation to 323 historic changes in demand for each five-minute period in 2009 to 2011. 324
Responsiveness here refers to the change in generation (in kWh) that is 325 associated with a change in demand of 1 kWh. 326
For some time periods, a calculated responsiveness was uncharacteristically high 327 or low due to operators switching from one plant type to another. To compensate 328 for this effect, time periods were grouped into 144 sets (one for each hour of the 329 day for each two-month period of the year) and the weighted average 330 responsiveness of each plant type was calculated for each set. The average was 331 weighted by the absolute value of the change in total generation during each 332 time period (Equation 10). The resulting values for the responsiveness of coal 333 and gas plant are provided for reference in the Appendix. 334
Equation 10 335
Where: 336
-weighted average responsiveness of electricity generated by coal or gas 337 plant to unit changes in total electrical demand during the time periods in set ℎ 338 (ℎ 1 to ℎ ). 339 ∆ ( ) -increase in average electrical power generation from gas or coal 340 generating plant during period . 341 ∆ , ( ) -increase in average electrical power generation for whole electrical 342 grid during period . 343
The net change in generation from coal and gas is then calculated by multiplying 344 the weighted average responsiveness for gas and coal generation for each 5 345 minute time step by the net change in demand associated with adding the 346 battery to the PV system, and summing these over the entire year (Equation 11). 347
The net change in demand is determined by the battery model described above. 348
Equation 11 349
Where: 350 ∆ -total net change in electricity generated from a type of generating plant 351 (gas or coal) for periods 1 to . 352 The following results demonstrate the operation of the battery over a single day, 363 illustrating the battery's effect on the dwelling's net power flow, along with the 364 resulting battery efficiencies, and the financial benefit to the occupant. 365 Figure 4A shows the demand profile for a single dwelling with a 3.29 kWp PV 366 system on the 15 th June 2006 from the DFT dataset [21] . Note that the high 367 demand between 00:00 and 03:00 is likely due to electric water heating. The net 368 dwelling power flow to the grid is shown in Figure 4B with and without battery. 369
The battery starts the day at minimum state of charge because it was used the 370 previous evening, so the net power flow is unchanged throughout the morning. 371
At around 07:00, the PV generation starts to exceed the dwelling's demand, and 372 the battery starts charging. This reduces the net power flow to zero throughout 373 most of the day. A small amount of power is still exported, however, when the 374 surplus current from the PV exceeds the maximum charge current of the battery. 375
At around 17:00, the dwelling demand exceeds PV generation, and the battery 376 discharges. The net power flow reduces to zero, until approximately 23:00 when 377 the battery reaches its minimum state of charge, and is disconnected. 378
Battery state of charge and efficiency is shown in Figure 5 . The inverter 379 efficiency, not shown here, remains relatively high (~95 %) throughout the day. 380
The battery charging efficiency and discharging efficiency are shown separately 381 in Figure 5B . As the battery state of charge increases during the day the 382 charging efficiency falls from ~80 % to ~50 %. In the evening, the discharge 383 efficiency is determined by the rate of discharge, and drops below 50 % on a 384 number of occasions. 385
The cost benefit of the battery operation is shown in Figure 6A . There is a 386 negative benefit throughout the middle of the day, associated with the 387 opportunity cost of reducing exports. This is followed by a positive benefit in the 388 evening as imported electricity is avoided. Figure 6B shows the cumulative 389 benefit for the day, indicating that there was a modest benefit at the end of the 390 day of ~10 p. Note this does not consider equipment costs, which are considered 391 in the following section. 392
4.2.
Cost benefit using realistic battery model
393
The previous figures showed the effect of the battery over a single day for a 394 single dwelling, and this section extends this to include data from multiple 395 systems from the DFT dataset over the course of a whole year. Data for 37 396 individual dwellings is considered, corresponding to the two Domestic Field Trial 397 sites mentioned in section 3.6. 398 errors in brackets). These gradients can be compared to the ratio of the import 407 price to the export price, 11.8/3.2 = 3.69. Provided the gradient is smaller than 408 the import export price ratio, then the batteries can be expected to produce a 409 benefit in terms of savings on electricity bills. 410 Figure 8 shows the resulting annual benefits to the occupants of the dwellings 411 considered here, in terms of reduced costs of electricity, for the three sizes of 412 realistic batteries (black markers). The x-axis shows annual exports for the PV 413 system without battery, as the main purpose of the battery is to reduce these 414 exports. The benefits are low -for the larger systems shown here, which are 415 comparable to modern 4 kWpeak PV systems, the benefits of a battery might 416 amount to ~£30/year. 417
The low benefits shown in Figure 8 are due to the battery inefficiencies which 418 are shown in Figure 9A . This shows annual round-trip efficiencies for the 419 different dwellings and battery size configurations. The round-trip efficiency is 420 calculated here as the total energy out of the battery inverter over the total 421 energy into the battery inverter. The mean round trip efficiency values are 422 39.1 % for the 210 Ah battery, 53.0 % for the 430 Ah battery, and 58.5 % for the 423 570 Ah battery. 424 Figure 10 shows annualised equipment costs for the realistic battery (black 425 markers), which can reach ~£1000/year for the larger systems considered here. 426
The costs increase with available exports, which reflects the reduction in battery 427 lifetimes associated with battery wear, shown in Figure 9B . Systems with high 428 exports result in greater battery wear, and shorter lifetimes. For large systems, 429 comparable to modern 4 kWpeak PV systems, a 570 Ah battery has an expected 430 lifetime of 5.23 years, dropping to 1.93 years for a 210 Ah battery. 431 Figure 11 finally shows the resulting annual net benefit associated with the 432 realistic battery (black markers), which illustrates that there is no economic case 433 for the use of lead-acid batteries for the systems and specific purposes considered 434
here. 435
4.3.
Cost benefit for a lossless battery 436 Figure 9A illustrates that the operating conditions (specifically the charge and 437 discharge current limits) imposed here can result in battery efficiencies that are 438 very low indeed -to the point of being counter-productive for some systems. 439
Alternative operating conditions or strategies could therefore be considered in 440 order to optimise the system and reduce operational losses. In order to show that 441 the cost benefit results shown in Figure 11 are robust, however, and not 442 contingent on assumptions regarding battery efficiencies, equipment lifetimes, or 443 operating strategy, this section considers the cost benefit for a lossless battery 444 and inverter that are both 100% efficient. 445
In keeping with the assumption of a lossless battery, the battery is also assumed 446 not to experience any wear, and as such there is no effect on costs associated 447 with increasing annual exports (an indication of how much the battery is used). respectively. These are illustrated for comparison alongside the realistic battery 452 costs in Figure 10 . Note that the minimum state of charge for the lossless battery 453 is kept the same as that for the realistic battery (60%). 454
The annual benefits for a perfectly efficient battery is shown in Figure 8 (grey 455 markers) alongside the benefits for the realistic battery, for the same dwellings 456 and battery sizes. For the lossless battery, it can be seen that the annual benefit 457 increases along with the available exports. Larger batteries increase the benefit 458 for larger systems with more exports, but have little effect on the smaller 459 systems. The data for benefits shows that a lossless battery can result in bill 460 savings of up to £110/year. 461 Figure 11 shows the resulting net benefit of the lossless battery (grey markers), 462 again alongside the equivalent net benefits of the realistic battery (black 463 markers). It is clear that the costs are considerably larger than the benefits for 464 all of the systems considered here, even when assuming a lossless battery with 465 optimistic lifetime estimates. The battery results in a net financial loss to the 466 occupant of around £100/year for the smallest lossless battery, increasing to over 467 £400/year for the largest lossless battery considered here. It appears therefore 468 that there is no economic case for the use of lead-acid batteries for the systems 469 and specific commercial opportunity considered here, even for idealised lossless 470 batteries with optimistic lifetimes. 471
Note that these results ignore the cost of any routine maintenance, the cost of 472 installation, or indeed any discount rates applied to future benefits. If included, 473 these would obviously worsen the business case. 474
4.4.
475
The production impacts for the batteries considered in this paper are shown in 476 Table 5 . This production impact is spread over the lifetime of the batteries in 477 use, as estimated by Equation 9, and illustrated in Figure 9B . 478 
480
Regarding the in-use impacts, the resulting change in fossil fuel generation over 481 the course of the day associated with the operation of a realistic 430 Ah battery 482 is shown in Figure 12 . The values for the change in fossil fuel generation are 483 averages for all of the dwellings considered here over the course of the whole 484 year. It can be seen that the battery operation results in an increase in fossil fuel 485 generation during the day, and a decrease in the evening and night. It can be 486 seen that the area above zero is considerably greater than the area below zero, 487 which can be attributed to energy losses in the battery. It is interesting to note 488 that these results show that coal plant is more responsive to changes in demand 489 than gas plant. 490
The combined annual production and in-use impacts are now considered. Table 6  491 shows the combined impacts associated with adding a 430 Ah battery to a 492 3.29 kWpeak PV system. These results are comparable to the case of adding a 493 battery to a modern 4 kWpeak PV system. Not unexpectedly, metal depletion 494 impact is dominated by battery production, while climate change and fossil fuel 495 depletion impacts are dominated by battery use. 496 
499
The mean in-use impact values for the lossless 430 Ah battery are shown for 500 comparison in Table 6 . As there are no energy losses with this battery, these 501 values can be interpreted as the impacts associated with the lossless time-502 shifting of demand from the evening to the day. The difference between the in-503 use impacts for the lossless battery and those for the realistic battery can 504 therefore be interpreted as the environmental impacts due to energy losses in 505 the battery, which are two orders of magnitude greater than those associated 506 with shifting demand from the evening to the day. 507
To put these results into perspective, the total annual climate change impact for 508 this battery has an equivalent impact in terms of kg CO2eq/year as driving 509 4362 km in a 'good' (180 g CO2eq/km) UK petrol vehicle [33] . Alternatively, using 510 the same assumptions regarding responsiveness of fossil fuel plant as detailed in 511 section 3.9.2, it can also be equated to an average 2009 UK household 512 (4460 kWh/year) increasing annual electricity consumption by 946 kWh, an 513 increase of 21%. 514
4.5.
Target capital costs
515
The theoretical maximum benefit to the occupants considered here is 11.8 p/kWh 516 -3.2 p/kWh = 8.6 p per kWh of otherwise exported electricity. The mean annual 517 exports for the 37 systems considered here was 605 kWh/year, which gives a 518 theoretical maximum benefit of £52 per dwelling per year. Assuming a modest 519 discount factor of 4% over 20 years, this results in a target up-front capital cost 520 of £707 for the battery system to break even. To put this into perspective, note 521 that the cheapest battery system considered here (210 Ah with optimistic 522 lifetimes) has an equivalent up-front capital cost of £3296. 523
4.6.
Comparison with feed-in tariffs from other countries
524
The present study has considered the use of batteries with UK feed-in tariffs, 525 where the price differential between export price and import price is 8.6 p/kWh 526 as mentioned above. The results are, however, relevant more generally to other 527 countries with feed-in tariffs that have lower export prices than typical import 528 prices. 529
In Germany, for example, a typical domestic system installed in 2011 will have 530 an export price of ~29 c€/kWh and a 'self-consumption payment' of ~17 c€/kWh 531 for electricity produced by the PV and consumed within the dwelling [34] . The 532 result is an 'effective export price' of 29 c€/kWh -17 c€/kWh = 12 c€/kWh, which 533 is 8 c€/kWh cheaper than a typical import price of 20 c/kWh. This results in an 534 import export price ratio of 20/12 = 1.67. As described in section 4.2, the 535 minimum ratio needed to result in a benefit is 2.14 (for the 570 Ah battery). 536
Considering that Germany has a solar resource that is not dissimilar to that of 537 the UK [22] , it would appear that the present study's conclusions concerning the 538 lack of business case for batteries in grid-connected PV systems is also applicable 539 to Germany. 540
The findings are also relevant to PV systems installed from late 2012 in the 541 The import export price ratio is therefore 3.13, which is again lower than the UK 545 price ratio (3.69). The results of this paper are therefore also applicable to 546
Australian PV systems installed from late 2012 onwards. 547
Finally, note that this paper has only considered the economic benefit to the 548 occupant associated with the use of the battery given current feed-in tariff 549 arrangements. It is quite possible however that there are additional economic 550 benefits associated with this type of distributed storage, in particular to other 551 stakeholders e.g. system operator, distribution network operator. Quantifying 552 these additional benefits has been left for future research work to consider. 553
Conclusions
554
The addition of batteries to grid-connected domestic PV systems has been 555 examined for its ability to maximise the financial return of the system. The 556 purpose of the battery is to charge during the day using cheap surplus PV 557 generation, and to discharge during the evening to avoid expensive imports from 558 the grid. This paper has investigated the economic and environmental impact of 559 the use of lead-acid batteries in domestic PV systems under current UK feed-in 560 tariff arrangements. 561
The results indicate that there is no economic case for the use of lead-acid 562 batteries for the systems considered here, even for idealised lossless batteries 563 with optimistic lifetimes. The realistic battery model developed here produced 564 mean round trip efficiencies of 39.1 %, 53.0 %, and 58.5 % for 210 Ah, 430 Ah, 565 and 570 Ah lead-acid batteries respectively. Unsurprisingly, when these 566 efficiencies and realistic lifetimes are accounted for, the financial losses are 567 considerably worse. For the batteries considered here, losses approaching 568 £1000/year can be expected for a 570 Ah added to a 3.29 kWpeak PV system. 569
The environmental impact of the production and use of lead-acid batteries for 570 this purpose is also negative, and comparable to driving over 4000 km per year 571 in a 'good' UK average petrol car. This further strengthens the argument against 572 the use of such batteries for these purposes. 573 
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